A laser-transferable polymer gel separator formulated from an imidazolium-based ionic liquid, poly͑vinylidene fluoride͒ ͑PVDF͒-HFP, and ceramic nanoparticles was prepared and electrochemically characterized by ac-impedance spectroscopy and in lithiumion microbatteries. Size and weight percent effects of the nanoparticulates added to the laser-transferred separator indicate that nanoparticulates under 100 nm in size and in the 10 wt % range exhibited the highest ionic conductivity ͑1-3 mS/cm͒. Li-ion microbatteries prepared using this separator, a LiCoO 2 cathode, and a carbon anode maintained an average discharge voltage of up to 4.2 V with a reversible specific energy of 330 mWh/g. The miniaturization of sensor, actuation, and control devices has produced a fundamental need for integrated power sources that are commensurate in size with the systems of interest, yet do not compromise the functionality of the microdevice.
The miniaturization of sensor, actuation, and control devices has produced a fundamental need for integrated power sources that are commensurate in size with the systems of interest, yet do not compromise the functionality of the microdevice. [1] [2] [3] A promising approach to this problem is the development of integrated and distributed lithium microbatteries that are directly incorporated into the microdevice package where needed. 4, 5 However, reducing the size of lithium power sources, both in terms of their area and thickness while maintaining their robust electrochemical properties, is a significant challenge. 6 Employed here is a laser direct-write ͑LDW͒ printing process that is capable of depositing films without affecting their chemical or physical properties. 7 The LDW process uses pulsed UV laser irradiation to transfer a small volume of ink ͑ϳ10 pL͒ containing the desired materials and deposit it at precise, computer controllable locations on a substrate. Thus, application of the LDW technique to the fabrication of lithium microbatteries requires the development of ink-like mixtures of cathodic and anodic materials, as well as laser printable separator/electrolyte formulations in order to build these cells. 8, 9 Although alternate techniques for depositing cathodic and anodic material exist, the development of a simple solution that can be laser transferred onto a substrate to form a solid separator/electrolyte layer for a lithium ion power source is a significant step forward in the development of these microbatteries. Key to this development is the use of ionic liquids to create highly ionically conductive solid separators. Ionic liquids, because of their high thermal stability, hydrophobic tendencies, and electrochemical stability are ideal choices for use in lithium ion batteries as well as numerous other applications. [10] [11] [12] [13] [14] The ionic liquid chosen for this work, 1-n-butyl-2, 3-dimethylimidazolium bis-trifluoromethanesulfonylimide, BMMI + TFSI − , exhibits significantly enhanced electrochemical and thermal stability, compared to many other ionic liquids. The TFSI anion forms an air-stable, nonflammable, hydrophobic ionic liquid when coupled with the BMMI cation, and has been shown to be electrochemically stable in lithium ion batteries. 15, 16 It is shown in this work that by combining a solid polymer, a ceramic nanopowder, and BMMI + TFSI − that the resulting ceramic-solid polymer ionic liquid nanocomposite ͑c-SPIL͒ material can be laser-transferred to form the separator/electrolyte layer required for building lithium microbatteries. Furthermore, these c-SPIL separators exhibit improved mechanical properties, high ionic conductivity, and the electrochemical stability required for successive charge/discharge cycling of these novel microbatteries.
Experimental
The ink used to deposit LiCoO 2 is composed of a solid mixture of 90 wt % of the lithiated metal oxide and 10 wt % 1-2-m-sized graphite particles suspended in a 5 wt % poly͑vinylidene fluoride͒ ͑PVDF͒-HFP/dibasic ester ͑DBE͒ solution. For the anode, the ink is composed of 90 wt % high surface area synthetic carbon ͑specific surface area ϳ600 cm 2 /gm and 10 wt % 1-2 m graphite particles suspended in a similar polymer/dibasic ester solution. The c-SPIL separator/electrolyte ink is composed of approximately 60 wt % 1.0 M Li/BMMITFSI ͑prepared as in Ref. 14͒, 30-wt % PVDF-HFP, and 10-wt % of TiO 2 nanopowder ͑ϳ20 nm average particle size͒. Once laser transferred, each layer is thermally treated in air at 75°C for 10-15 min in order to remove the DBE.
In order to fabricate a solid-state Li-ion microbattery, sequential layers corresponding to the cathode, c-SPIL separator, and anode are * Electrochemical Society Active Member.
z E-mail: pique@nrl.navy.mil deposited within a 3 ϫ 3 mm laser micromachined pocket on a polyimide/aluminum flexible substrate as shown schematically in Fig. 1a . The exposed aluminum backing functions as a cathode current collector. Because the ionic liquid component of the c-SPIL separator is both nonvolatile and nonflammable, as opposed to the more common, volatile liquid/gel electrolytes, it is possible to vacuum-deposit Pt metal as the anode collector, while simultaneously encapsulating the cells. The resulting 9 mm 2 stacked structures exhibit a mass between 300-500 g excluding the Pt layer. The fracture cross-sectional SEM micrograph of Fig. 1b shows an overall thickness of these cells of approximately 30 m, corresponding to a total volume of 270 nL ͑0.27 mm 3 ͒. Finally, the completed microbattery cells ͑Fig. 1d͒, are dried under a dynamic vacuum ͑ϳ10 −3 Torr͒ for two days at 75°C, and subsequently placed in an argon atmosphere dry box ͑ppm O 2 Ͻ 0.10 and ppm H 2 O Ͻ 0.5 ppm͒ for electrochemical characterization. The microbatteries are cycled over 100 times between 4.65 and 3 V at charging and discharging currents of 110 A/cm 2 .
Results and Discussion
The scanning electron microscope ͑SEM͒ images ͑Fig. 1b and c͒ show that the LDW transfer process deposits the c-SPIL ink to form a uniform, pinhole-free solid polymer layer. Because of the granular nature of the cathodic layer, the initial laser deposited c-SPIL separator is able to partially penetrate this material, allowing for enhanced surface area interactions between the electrolyte and the cathode. Ionic conductivity of the LDW c-SPIL nanocomposites is obtained through ac-impedance spectroscopy on 8 mm ϫ 0.5 mm ϫ ϳ1 m thick laser transferred lines. Table I lists the ionic conductivity of the LDW separator for thin films composed of 30-wt % PVDF-HFP, 52-wt % 1 M Li/BMMITFSI, and 18-wt % of different size BTO particulates. The data clearly indicates that small particle size results in higher ionic conductivity. This size dependency is strong evidence that the larger particulates impede the migratory path of Li + through the separator, while the smaller particles enhance ion mobility by presenting the Li ion with a surface to migrate along. This is similar to the behavior seen in PEO-based nanocomposites. 17, 18 Table II lists the ionic conductivity for a series of laser-transferred separator films with decreasing amount of ionic liquid and increasing amounts of TiO 2 nanoparticulates, while Fig. 2 illustrates the temperature dependence of the ionic conductivity of these films as derived from ac-impedance measurements. The measured room temperature ionic conductivity of 2-3 mS/cm, is over 100 times greater than LiPON 19 and over 10,000 times that of solid amorphous or crystalline polymers. 20, 21 The electrochemical behavior of the laser transferred c-SPIL separator is similar to that observed for simple drop cast films, 11, 13, 14 with the advantage that the LDW process can be used to precisely control the deposition of the electrolyte/separator into predefined locations with the desired thickness. The TiO 2 nanopowder serves to partially absorb the incident laser radiation, and a stiffener to the nanocomposite, enhancing its mechanical strength in a manner similar to polyethylene oxide ͑PEO͒-clay nanocomposites. 17 Thus, the c-SPIL separators transferred by the LDW technique form uniform, nanocomposite layers on the order of 1 to 5 m thickness with the high ionic conductivity and structural integrity necessary to serve as both the separator and electrolyte for a stacked, microbattery geometry. Figure 3 illustrates the charge-discharge ͑C/3 Rate, 9.9 A at 110 A/cm 2 ͒ of the Li-ion microbattery using the LiCoO 2 cathode and carbon anode. The energy density for this system is 1320 Wh/cm 2 ͑or 406 Wh/cm 3 based on volume͒ corresponding to a specific energy of 330 mWh/g based on the battery mass. The cathodic capacity for this battery is near 100 mAh/g. Therefore, these LDW microbatteries exhibit energy densities and capacities similar to those observed for typical lithium ion batteries and current state of the art microbatteries. 
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Conclusion
In summary, this work clearly demonstrates that the use of the c-SPIL separator combined with the LDW processing is an enabling technology for the fabrication of rechargeable lithium ion microbatteries. The ability to completely transfer and assemble electrochemically and thermally stable micropower sources into plastic substrates, such as polyimide, can be extended to more advanced applications in which the power source is directly incorporated and sealed within the substrates used by the microdevice. Notably, the LDW is not chemistry specific and through deposition of a liquidphase polymer nanocomposite into a solid, ionically conductive micrometer thick solid separator, there exists the possibility for other types of microelectrochemical cells for incorporation into a wide variety of microdevices.
